MAGNETIC RECORDING MEDIUM, PRODUCTION PROCESS AND APPARATUS 
THEREOF, AND MAGNETIC RECORDING AND REPRODUCING APPARATUS 



FIELD OF THE INVENTION 
The present invention relates to a magnetic recording medium used in, for 
example, peripheral devices of calculators, or magnetic disk apparatuses for 
recording of image and sound data; a process and apparatus for producing the 
magnetic recording medium; and a magnetic recording and reproducing 
apparatus incorporating the magnetic recording medium. 

BACKGROUND OF THE INVENTION 
As recording density of magnetic recording media is increased, there have 
been proposed reduction in noise and enhancement of resolution by means of, 
for example, micronization or magnetic isolation of magnetic grains in a 
magnetic layer, or thinning of a magnetic layer- 
However, when magnetic grains are micronized or magnetically isolated, or 
when a magnetic layer is thinned, the size of the magnetic grains is reduced, and 
therefore, thermal stability (i.e., thermal decay resistance) of the resultant 
magnetic recording medium tends to be deteriorated. The term "thermal decay" 
refers to a phenomenon in which recording bits become unstable and recorded 
data are lost. In a magnetic recording and reproducing apparatus, thermal decay 
is manifested in the form of reduction in reproduction output of recorded data 
with passage of time. 

Hitherto, typical substrates for producing magnetic recording media are 
non-magnetic metallic substrates formed from, for example, an aluminum alloy. 
Usually, a hard film formed from NiP or similar material is provided on such a 
non-magnetic metallic substrate in order to harden its surface, then the surface 
of the substrate is subjected to texturing, and the substrate is used for producing 
a magnetic recording medium. 

Texturing is a process for forming irregularities on the surface of a 
substrate along a predetermined direction (usually in a circumferential direction) 
of the substrate. When the surface of a substrate undergoes texturing, the 
crystal orientation of an undercoat layer and a magnetic layer, which are formed 
on the substrate, is enhanced, and the magnetic anisotropy of the magnetic layer 



is enhanced, and thus magnetic characteristics, such as thermal stability, of a 
magnetic recording medium can be enhanced. 

In recent years, instead of a metallic substrate formed from aluminum or 
similar metal, a non-metallic substrate formed from material such as glass or 
ceramic has been widely used as a substrate for producing a magnetic recording 
medium. Such a non-metallic substrate has an advantage that head slap does 
not easily occur in the substrate, due to high hardness of the substrate. 
Furthermore, from the viewpoint of glide height characteristics, such a 
non-metallic substrate is advantageously used, because of its excellent surface 
smoothness. 

However, a non-metallic substrate such as a glass substrate encounters 
difficulty in undergoing texturing, and involves problems that the magnetic 
anisotropy of a magnetic layer becomes unsatisfactory, and thermal stability is 
inclined to be deteriorated. 

In order to solve such problems, there has been proposed formation of a 
hard film which can be easily textured on a non-metallic substrate formed from 
material such as glass or ceramic. 

For example, Japanese Patent Application Laid-Open (JcoJcai) No. 5-197941 
discloses a magnetic recording medium including a non-metallic substrate coated, 
by sputtering, with a NiP film serving as a hard film which is easily textured. 

A magnetic recording medium including a hard film formed on a 
non-metallic substrate is produced by the following process: the hard film is 
formed on the substrate in a film formation apparatus such as a sputtering 
apparatus; the substrate is temporarily removed from the apparatus and 
subjected to texturing by use of a texturing apparatus; the resultant substrate is 
again placed in the film formation apparatus; and then an undercoat layer and a 
magnetic layer are formed on the substrate. 

However, in the case of the aforementioned conventional magnetic 
recording medium including a non-magnetic metallic substrate such as an 
aluminum substrate or a non-metallic substrate such as a glass substrate, when a 
hard film formed from NiP, which is provided on the substrate, is subjected to 
texturing, the magnetic anisotropy of a magnetic layer can be enhanced but the 
surface smoothness of the medium tends to be lowered because of surface 
irregularities of the hard film. Consequently, glide height characteristics are 



deteriorated, and attainment of high recording density becomes difficult. In 
addition, the production process for the magnetic recording medium includes 
complicated production steps, resulting in high production costs. 

SUMMARY OF THE INVENTION 
In view of the foregoing, an object of the present invention is to provide a 
magnetic recording medium which exhibits excellent magnetic characteristics 
such as thermal stability and excellent glide height characteristics and which is 
easily produced. 

Another object of the present invention is to provide a process and 
apparatus for producing the magnetic recording medium easily. 

A further object of the present invention is to provide a magnetic 
recording and reproducing apparatus incorporating the magnetic recording 
medium exhibiting excellent magnetic characteristics such as thermal stability. 

The present inventors have found that the thermal stability of a magnetic 
recording medium can be considerably enhanced when an 
orientation-determining layer is formed between a non-magnetic substrate and a 
non-magnetic undercoat layer, the orientation-determining layer has a crystal 
structure in which columnar fine crystal grains are inclined at an angle in a radial 
direction, the ratio of a coercive force in a circumferential direction of a magnetic 
layer (Hcc) to a coercive force in a radial direction of the magnetic layer (Her); i.e., 
Hcc/Hcr, is more than 1, and the magnetic layer includes a plurality of magnetic 
films and has a structure such that antiferromagnetic bonding can be formed 
between the magnetic films. The present invention has been accomplished on 
the basis of this finding. 

Accordingly, the present invention provides a magnetic recording medium 
comprising a non-magnetic substrate, an orientation-determining layer for 
causing the non-magnetic undercoat layer to have a predominant plane of (200), a 
non-magnetic undercoat layer, a magnetic layer, and a protective layer, in order, 
wherein the non-magnetic undercoat layer has a bec structure; the 
orientation-determining layer has a crystal structure in which columnar fine 
crystal grains are inclined in a radial direction; the ratio of a coercive force in a 
circumferential direction of the magnetic layer (Hcc) to a coercive force in a radial 
direction of the magnetic layer (Her); i.e., Hcc/Hcr, is more than 1; and the 



magnetic layer includes a plurality of magnetic films having an hep structure and 
a predominant orientation plane of (110) plane, and permits antiferromagnetic 
bonding to be formed therebetween. 

In the magnetic recording medium of the present invention, since the 
orientation-determining layer having a crystal structure in which columnar fine 
crystal grains are inclined in a radial direction is provided, the ratio of a coercive 
force in a circumferential direction of the magnetic layer (Hcc) to a coercive force 
in a radial direction of the magnetic layer (Her); i.e., Hcc/Hcr, is more than 1. 
Thus the magnetic anisotropy of the magnetic layer in a circumferential direction 
can be enhanced and crystal magnetic anisotropy constant (Ku) can be enhanced. 
Consequently, magnetic characteristics, such as thermal stability, coercive force, 
and S/N ratio of recorded/reproduced signals, can be enhanced. 

In addition, in the present invention, due to antiferromagnetic bonding 
between magnetic films, magnetic films other than a primary magnetic film of 
largest coercive force assume an apparent non-magnetized state; or the primary 
magnetic film assumes a state in which apparent magnetization of the primary 
magnetic film is reduced in an amount corresponding to the magnetization of 
magnetic films other than the primary magnetic film. 

Therefore, the volume of magnetic grains can be increased sufficiently 
without adversely affecting noise and resolution, and thermal stabilization can be 
attained; i.e., thermal stability can be enhanced. 

The magnetic layer may have a laminated ferrimagnetic structure in which 
the directions of the magnetic moments (or the directions of the magnetization) 
of adjacent magnetic films are opposite to each other. 

The magnetic layer may have a structure including a plurality of magnetic 
films and an intermediate film provided therebetween. 

The magnetic layer may have two or more laminated structures, each 
including a magnetic film and an intermediate film adjacent thereto. 

Preferably, the antiferromagnetic bonding magnetic field of a magnetic 
film adjacent to a primary magnetic film having the largest coercive force among 
a plurality of magnetic films is larger than the coercive force of the magnetic film 
adjacent to the primary magnetic film. 

Preferably, the intermediate film is formed from a material predominantly 
comprising at least one element selected from among Ru, Cr, Ir, Rh, Mo, Cu, Co, 



Re, and V. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition formed of one or more elements 
5 selected from among Cr, V, Nb, Mo, W, and Ta. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition formed of an alloy predominantly 
containing Cr. 

10 The orientation-determining layer may have a composition which causes 

the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition predominantly containing a 
p Ta-containing alloy X 2 Ta (wherein X x is one or more elements selected from 

O among Be, Co, Cr, Fe, Nb, Ni, V, Zn, and Zr), and may have an Fd3m (space group 

ru 

^ 15 notation) structure or an amorphous structure. 

jjjj The orientation-determining layer may have a composition which causes 

yy the non-magnetic undercoat layer having a bcc structure to have a predominant 

j\ orientation plane of (200); i.e., a composition predominantly containing an 

W Nb-containing alloy X 2 Nb (wherein X 2 is one or more elements selected from 

fjj 

20 among Be, Co, Cr, Fe, Ni, Ta, V, Zn, and Zr), and may have an Fd3m structure or 
P an amorphous structure. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition predominantly containing CoTa (Ta 
25 content: 30-75 at%) or CoNb (Nb content: 30-75 at%), and may have an Fd3m 
structure or an amorphous structure. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition predominantly containing CrTa (Ta 
30 content: 15-75 at%) or CrNb (Nb content: 15-75 at%). 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition predominantly containing NiTa (Ta 
content: 30-75 at%) or NiNb (Nb content: 30-75 at%), and may have an Fd3m 



- 5 - 



structure or an amorphous structure. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200) plane; i.e., a composition containing a non-magnetic 
5 metal having an Fd3m structure. 

The orientation-determining layer may have a composition which causes 
the non-magnetic undercoat layer having a bcc structure to have a predominant 
orientation plane of (200); i.e., a composition containing a non-magnetic metal 
having a CI 5 structure. 
10 In the present invention, an orientation-enhancing layer may be formed 

between the non-magnetic substrate and the orientation-determining layer. 

The orientation-enhancing layer may comprise a material having a B2 
structure or an amorphous structure. 

O 

p The orientation-enhancing layer may predominantly comprise any one 

U is selected from among NiAl, FeAl, CoAl, CoZr, CoCrZr, and CoCrC. 

m In the present invention, a plurality of orientation-determining layers may 



in 



fU 



be provided. 

The present invention also provides a magnetic recording medium 
comprising a non-magnetic substrate, an orientation-determining layer for 

PJ 20 arranging the crystal orientation of a layer provided directly thereon, a magnetic 

£0 

q layer, and a protective layer, the layers being formed on the substrate, wherein 
M 1 the orientation-determining layer has a crystal structure in which columnar fine 
crystal grains are inclined in a radial direction; the ratio of a coercive force in a 
circumferential direction of the magnetic layer (Hcc) to a coercive force in a radial 
25 direction of the magnetic layer (Her); i.e., Hcc/Hcr, is more than 1; and the 
magnetic layer includes a plurality of magnetic films having an hep structure and 
a predominant orientation plane of (110), and permits antiferromagnetic bonding 
to be formed therebetween. 

The present invention also provides a magnetic recording medium 
30 comprising a non-magnetic substrate, an orientation-determining layer for 
arranging the crystal orientation of a layer provided directly thereon, a 
non-magnetic undercoat layer, a magnetic layer, and a protective layer, in order, 
wherein the non-magnetic j undercoat layer has a bcc structure; the 
orientation-determining layer is formed from an MP alloy having an amorphous 
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structure, and can cause the non-magnetic undercoat layer to have a predominant 
orientation plane of (200); the ratio of a coercive force in a circumferential 
direction of the magnetic layer (Hcc) to a coercive force in a radial direction of the 
magnetic layer (Her); i.e., Hcc/Hcr, is more than 1; and the magnetic layer 
5 includes a plurality of magnetic films having an hep structure and a predominant 
orientation plane of (110), and permits antiferromagnetic bonding to be formed 
therebetween. 

The orientation-determining layer may comprise nitrogen or oxygen in an 
amount of at least 1 at%. 
10 The present invention also provides a process for producing a magnetic 

recording medium comprising a non-magnetic substrate, an 
orientation-determining layer for causing the non-magnetic undercoat layer to 

M" have a predominant orientation plane of (200), a non-magnetic undercoat layer, a 

P 

p magnetic layer, and a protective layer, in order, wherein the non-magnetic 

15 undercoat layer has a bec structure; and the magnetic layer includes a plurality 

§H of magnetic films having an hep structure and a predominant orientation plane of 

jjj (110), and permits antiferromagnetic bonding to be formed therebetween, which 

s process comprises forming the orientation-determining layer by releasing film 



ru 



formation particles containing a material constituting the layer from a release 



fU2o source, and then depositing the particles onto a deposition surface, whereinthe 

S3 

q direction of the trajectory of the film formation particles is controlled so that a 
H projection line of the trajectory of the particles formed on the deposition surface 
lies substantially along a radial direction of a non-magnetic substrate, and the 
incident angle of the trajectory of the particles is 10-75° with respect to the 
25 non-magnetic substrate. 

The orientation-determining layer may be subjected to oxidation or 
nitridation. 

The orientation-determining layer may be formed through sputtering using 
a sputtering target serving as a release source of film formation particles. 
30 When the orientation-determining layer is formed, the layer may be 

subjected to oxidation or nitridation using a sputtering gas containing oxygen or 
nitrogen. 

The oxidation or nitridation may be carried out by bringing the surface of 
the orientation-determining layer into contact with an oxygen-containing gas or a 
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nitrogen-containing gas. 

The present invention also provides an apparatus for producing a 
magnetic recording medium comprising a non-magnetic substrate, a 
non-magnetic undercoat layer, a magnetic layer, and a protective layer, in order, 
5 wherein the non-magnetic undercoat layer has a bcc structure; an 
orientation-determining layer for causing the non-magnetic undercoat layer to 
have a predominant orientation plane of (200) is formed between the 
non-magnetic substrate and the non-magnetic undercoat layer; and the magnetic 
layer includes a plurality of magnetic films having an hep structure and a 
10 predominant orientation plane of (110), and permits antiferromagnetic bonding 
to be formed therebetween, which apparatus comprises a release source for 
releasing film formation particles containing a material constituting the 

h* orientation-determining layer, the layer being formed through deposition of the 

p 

q particles onto a deposition surface; and means for controlling the direction of the 
W 15 trajectory of the film formation particles released from the release source. The 
L, direction-controlling means can control the direction of the trajectory of the 
particles so that a projection line of the trajectory of the particles formed on the 
deposition surface lies substantially along a radial direction of a non-magnetic 

' substrate, and the incident angle of the trajectory of the particles is 10-75° with 

a y 

fU 20 respect to the non-magnetic substrate. 

S3 

q The present invention also provides a magnetic recording and reproducing 

N 1 apparatus comprising a magnetic recording medium, and a magnetic head for 
recording data onto the medium and reproducing the data therefrom, wherein 
the magnetic recording medium comprises a non-magnetic substrate, a 
25 non-magnetic undercoat layer, a magnetic layer, and a protective layer, in order, 
wherein the non-magnetic undercoat layer has a bcc structure; an 
orientation-determining layer for causing the non-magnetic undercoat layer to 
have a predominant orientation plane of (200) is formed between the 
non-magnetic substrate and the non-magnetic undercoat layer; the 
30 orientation-determining layer has a crystal structure in which columnar fine 
crystal grains are inclined in a radial direction; the ratio of a coercive force in a 
circumferential direction of the magnetic layer (Hcc) to a coercive force in a radial 
direction of the magnetic layer (Her); i.e., Hcc/Hcr, is more than 1; and the 
magnetic layer includes a plurality of magnetic films having an hep structure and 
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a predominant orientation plane of (110), and permits antiferromagnetic bonding 
to be formed therebetween. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1(a) is a partial cross-sectional view showing a first and second 
5 embodiment of the magnetic recording medium of the present invention. 

Fig. 1(b) is an enlarged view showing an important portion of the magnetic 
recording medium shown in Fig. 1(a), which is prepared from the transmission 
electron microscope (TEM) photograph of the cross section of the medium. 

Fig. 2 is a schematic drawing showing an embodiment of a production 
10 apparatus for the magnetic recording medium of the present invention. 

Fig. 3 is an explanatory view showing an embodiment of the production 
process for the magnetic recording medium of the present invention. 

Fig. 4 is a partial cross-sectional view showing a third embodiment of the 
magnetic recording medium of the present invention. 
*p 15 Fig. 5(A) is a graph showing a hysteresis loop of the magnetic recording 

Iff medium shown in Fig. 4. 

Fig. 5(B) is a graph showing a minor hysteresis loop in the vicinity of R2 of 



Q 



N» the magnetic recording medium shown in Fig. 4. 

m Fig. 6 is a partial cross-sectional view showing a fourth embodiment of the 

03 20 magnetic recording medium of the present invention. 

0 

jj, Fig. 7 is a partial cross-sectional view showing a fifth embodiment of the 

magnetic recording medium of the present invention. 

Fig. 8 is a partial cross-sectional view showing a sixth embodiment of the 
magnetic recording medium of the present invention. 
25 Fig. 9 is a partial cross-sectional view showing a seventh embodiment of 

the magnetic recording medium of the present invention. 

Fig. 10 is a partial cross-sectional view showing an eighth embodiment of 
the magnetic recording medium of the present invention. 

Fig. 11 is a partial cross-sectional view showing an embodiment of the 
30 magnetic recording and reproducing apparatus of the present invention. 

Fig. 12 is a schematic drawing showing another embodiment of the 
production apparatus for the magnetic recording medium of the present 
invention. 
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DETAILED DESCRIPTION OF THE INVENTION 
Fig. 1 shows a first embodiment of the magnetic recording medium of the 
present invention. The magnetic recording medium shown in Fig. 1 includes a 
non-magnetic substrate 1, an orientation-determining layer 2 formed thereon, a 
5 non-magnetic undercoat layer 3, a magnetic layer 4, a protective layer 5, and a 
lubrication layer 6, in order on the layer 2. 

Fig. 1(a) is a cross-sectional view showing the entire structure of the 
magnetic recording medium of the first embodiment; and Fig. 1(b) is an enlarged 
view showing an important portion of the magnetic recording medium, derived 
10 from a transmission electron microscope (TEM) photograph of a cross section of 
the medium. 

The non-magnetic substrate 1 may be a metallic substrate formed from a 
metallic material such as aluminum or an aluminum alloy; or a non-metallic 
substrate formed from a non-metallic material such as glass, ceramic, silicon, 

ru 

kQ 15 silicon carbide, or carbon. 

J The glass substrate may be formed from amorphous glass or glass ceramic. 

hj The amorphous glass may be commonly used soda-lime glass, or 

aluminosilicate glass. The glass ceramic may be lithium-based glass ceramic. 

TU Meanwhile, a ceramic substrate may be a commonly used sintered compact 

PJ 

gj 20 predominantly containing aluminum oxide, aluminum nitride, and silicon nitride; 
£9 or fiber-reinforced material thereof. 

From the viewpoints of durability and cost, the non-magnetic substrate 1 
is preferably a glass substrate. 

The non-magnetic substrate 1 may be the aforementioned substrate on 
25 which an NiP layer is formed through plating. 

As used herein, a non-magnetic metallic substrate formed from, for 
example, aluminum, and a non-metallic substrate such as a glass substrate will be 
called "non-magnetic substrate." 

The orientation-determining layer 2 is provided for arranging the crystal 
30 orientation of the non-magnetic undercoat layer 3 formed directly on the layer 2 
and for determining the crystal orientation of the magnetic layer 4 formed on the 
layer 3, to thereby enhance the magnetic anisotropy of the magnetic layer 4. 

The orientation-determining layer, in the first embodiment of the present 
invention, is preferably formed from one or more elements selected from among 
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Cr, V, Nb, Mo, W, and Ta. When the orientation-determining layer is formed from 
the above material, the non-magnetic undercoat layer having a bcc structure can 
have a predominant orientation plane of (200). The predominant orientation 
plane means the main peak for X-ray diffraction. 

The orientation-deteirnining layer 2 may be formed from an alloy 
predominantly containing Cr (i.e., the Cr content of the alloy is in excess of 50 
at%). Particularly, the layer 2 is preferably formed from a CrX 0 -based alloy 
(wherein X 0 is one or more elements selected from among V, Nb, Mo, Ta, and W). 
When the orientation-determining layer is formed from the above material, the 
non-magnetic undercoat layer having a bcc structure can have a predominant 
orientation plane of (200). 

When the orientation-determining layer 2 is formed from a CrX Q -based 
alloy, the X 0 content of the alloy is preferably at least 1 at% and less than 50 at%. 
This is because, when the X 0 content falls within the above range, the crystal 
orientation of the non-magnetic undercoat layer 3 and the magnetic layer 4 can 
be enhanced, to thereby enhance the magnetic anisotropy of the magnetic layer 4. 

The orientation-detemiining layer 2 may predominantly contain a 
Ta-containing alloy X 2 Ta (wherein X x is one or more elements selected from 
among Be, Co, Cr, Fe, Nb, Ni, V, Zn, and Zr), and may have a Fd3m structure or an 
amorphous structure. When the orientation-determining layer contains the 
above component and has the above structure, the non-magnetic undercoat layer 
having a bcc structure can have a predominant orientation plane of (200). The 
"predominantly" means more than 50 at%. 

The orientation-determining layer 2 may predominantly contain an 
Nb-containing alloy X 2 Nb (wherein X 2 is one or more elements selected from 
among Be, Co, Cr, Fe, Ni, Ta, V, Zn, and Zr), and may have a Fd3m structure or an 
amorphous structure. When the orientation-determining layer contains the 
above component and has the above structure, the non-magnetic undercoat layer 
having a bcc structure can have a predominant orientation plane of (200). 

The orientation-determining layer 2 may predominantly contain CoTa (Ta 
content: 30-75 at%) or CoNb (Nb content: 30-75 at%), and may have a Fd3m 
structure or an amorphous structure. When the orientation-determining layer 
contains the above component and has the above structure, the non-magnetic 
undercoat layer having a bcc structure can have a predominant orientation plane 



O 



of (200). 

The orientation-determining layer 2 may predominantly contain CrTa (Ta 
content: 15-75 at%) or CrNb (Nb content: 15-75 at%). When the 
orientation-determining layer contains the above component, the non-magnetic 
5 undercoat layer having a bcc structure can have a predominant orientation plane 
of (200). 

The orientation-determining layer 2 may predominantly contain NiTa (Ta 
content: 30-75 at%) or NiNb (Nb content: 30-75 at%), and may have a Fd3m 
structure or an amorphous structure. When the orientation-determining layer 
10 contains the above component and has the above structure, the non-magnetic 
undercoat layer having a bcc structure can have a predominant orientation plane 
of (200). 

When the orientation-determining layer 2 predominantly contains CoTa, 
□ CoNb, CrTa, CrNb, NiTa, or NiNb, the Ta content or Nb content of the alloy 
15 preferably falls within the above range. This is because, when the Ta content or 
N 8 Nb content is excessively low, coercive force tends to lower, whereas when the 

m 

yj content of Ta or Nb is excessively high, the orientation of the magnetic layer is 
* impaired, potentially resulting in lowering of coercive force. 

ry The orientation-determining layer 2 may be formed from a non-magnetic 

20 alloy material containing Ta or Nb in an amount of 30 at% or more. When the 
orientation-determining layer is formed from the above material, the 
non-magnetic undercoat layer having a bcc structure can have a predominant 
orientation plane of (200). 

The orientation-determining layer 2 may be formed from a non-magnetic 
25 metal having a Fd3m structure. When the orientation-determining layer is 
formed from the above material, the non-magnetic undercoat layer having a bcc 
structure can have a predominant orientation plane of (200). 

Preferred examples of the non-magnetic metal having a Fd3m structure 
include CrX Q -based alloys having a CI 5 structure (Skrukturbercht symbol 
30 notation), such as CrNb-based alloys (e.g., 70at%Cr-30at%Nb), CrTa-based alloys 
(e.g., 65at%Cr-35at%Ta), and CrTi-based alloys (e.g., 64at%Cr-36at%Ti). 

Examples of the metal having a Fd3m structure include alloys having a CI 5 
structure, such as CoTa-based alloys (e.g., 65at%Co-35at%Ta), CoNb-based alloys 
(e.g., 70at%Co-30at%Nb), WHf-based alloys (e.g., 66at%W-34at%Hf), and AlY-based 



fy 
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alloys (e.g., 67at%Al-33at%Y). 

The orientation-deteniiiiiing layer 2 may be formed from, for example, a 
CoTa-based alloy in which the Co content is relatively low (e.g., 50at%Co-50at%Ta) 
or an FeNb-based alloy (e.g., 50at96Fe-50at%Nb). When the 

orientation-determining layer 2 is formed from such a material having an Fd3m 
structure, the layer is preferably subjected to the below-described oxidation or 
nitridation during film formation, to thereby regulate the crystal structure (Fd3m 
structure) of the layer. 

The orientation-determining layer 2 serves not only as a layer for 
determining the crystal orientation of the non-magnetic undercoat layer 3, but 
also serves as a layer for micronizing crystal grains in the non-magnetic 
undercoat layer 3 and the magnetic layer 4. 

The orientation-determining layer 2 preferably contains nitrogen or oxygen 
in an amount of at least 1 at%. 

This is because, when the layer 2 contains nitrogen or oxygen in an 
amount of at least 1 at%, the crystal orientation plane of the non-magnetic 
undercoat layer 3 can assume a (200) plane more reliably, to thereby enhance the 
magnetic anisotropy of the magnetic layer 4. 

As shown in Fig. 1(b), the orientation-determining layer 2 has a crystal 
structure in which columnar fine crystal grains 2 a are inclined in a radial 
direction of the non-magnetic substrate 1 with respect to a line 2b perpendicular 
to the substrate 1. The inclination angle al of each of the crystal grains 2a (i.e., 
inclination angle of each of the crystal grains 2 a with respect to the perpendicular 
line 2b) is more than 0° and less than 90°. 

The inclination angle al of each of the columnar fine crystal grains 2a is 
preferably 10-75°, more preferably 15-75°, much more preferably 20-75°, and still 
more preferably 25-55°. 

When the inclination angle al falls below the above range, the crystal 
orientation of the non-magnetic undercoat layer 3 and the magnetic layer 4 is 
impaired, and thus the magnetic anisotropy of the magnetic layer is lowered. In 
consideration of the structure of a film formation apparatus, controlling the 
angle a 1 to be at a certain value exceeding the above range is difficult. 

The inclination angle al may be at least 10° and less than 30°. 
Alternatively, the angle al may be more than 65° and less than 90°. 



The orientation-deterailning layer 2 preferably has a structure in which the 
columnar fine crystal grains 2 a are substantially not inclined in a circumferential 
direction of the substrate 1. 

The orientation-determining layer 2 may have a structure in which the 
5 inclination angle of the columnar fine crystal grains 2a is gradually increased 
from the center portion of the layer 2 toward the peripheral portion thereof. 

The thickness of the orientation-determining layer 2 is preferably 2-100 
nm. When the thickness falls below the above range, the magnetic anisotropy of 
the magnetic layer is lowered, whereas when the thickness exceeds the above 
10 range, productivity is lowered. 

The average surface roughness (Ra) of the orientation-determining layer 2 
is preferably 0.4 nm or less, more preferably 0.2 nm or less. 

When the average surface roughness (Ra) exceeds the above range, surface 

O 

P irregularities of the medium increase, resulting in deterioration of glide height 
*~ 15 characteristics. 

M* The non-magnetic undercoat layer 3 may be formed from conventionally 

jjj known undercoat layer materials. For example, the layer 3 may be formed from 
* an alloy of one or more elements of Cr, V, and Ta. Alternatively, the layer 3 may 

jy be formed from an alloy of one or more of the above elements and other 
20 elements, so long as such "other elements" do not impede the crystallinity of the 
layer. 

M* Particularly, the layer 3 is preferably formed from Cr or a Cr alloy (e.g., a 

CrW-based, CrMo-based, or CrV-based alloy). 

The layer 3 may be formed from a material having a B2 structure, such as 
25 Ni50Al (Ni-50at96Al). 

The non-magnetic undercoat layer 3 may have a single-layer structure, or a 
multi-layer structure formed of two or more different films. 

The thickness of the non-magnetic undercoat layer 3 is preferably 1-100 
nm, more preferably 2-50 nm. 
30 The non-magnetic undercoat layer 3 has a bcc structure, and the 

orientation plane of the layer 3 (the predominant crystal plane in the surface of 
the layer 3) is a (200) plane. Therefore, the magnetic anisotropy of the magnetic 
layer 4 can be enhanced. 

As described below, the magnetic layer 4 has a structure in which 
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antiferromagnetic bonding is formed between a plurality of magnetic films; i.e., 
an AFC (Anti Ferromagnetic Coupling) structure. 

The magnetic layer 4 includes a first magnetic film 4a (upper film), a 
second magnetic film 4b (lower film), and an intermediate film 4c provided 
between the films 4a and 4b. 

The first and second magnetic films 4a and 4b may be formed from, for 
example, an alloy of Co and one or more elements selected from among Cr, Pt, Ta, 
B, Ti, Ag, Cu, Al, Au, W, Nb, Zr, V, Ni, Fe, and Mo. 

Preferred, specific examples of the above alloy include CoPt-based alloys, 
CoCrPt-based alloys, CoCrPtTa-based alloys, CoCrPtB-based alloys, 
CoCrPtBTa-based alloys, CoCrPtTaCu-based alloys, CoCrPtTaZr-based alloys, 
CoCrPtTaW-based alloys, CoCrPtCu-based alloys, CoCrPtZr-based alloys, 
CoCrPtBCu-based alloys, CoCrPtBZr-based alloys, CoNiTa-based alloys, 
CoNiTaCr-based alloys, and CoCrTa-based alloys. 

The magnetic films 4a and 4b may be a granular film in which magnetic 
grains are dispersed in a non magnetic matrix such as a non-magnetic metal (e.g., 
Ag, Ti, Ru, or C), a compound of the non-magnetic metal, an oxide (e.g., Si0 2 , SiO, 
or A1 2 0 3 ), a nitride (e.g., Si 3 N 4 , A1N, TiN, or BN), a fluoride (e.g., CaF), or a carbide 
(e.g., TiC). 

No particular limitation is imposed on the thickness of the first and 
second magnetic films 4a and 4b. However, when the thickness is very small, 
the volume of magnetic grains decreases, resulting in poor thermal stability, 
whereas when the thickness is very large, magnetization of the magnetic layer 
becomes excessively large, potentially resulting in an increase in noise. 

Therefore, the thickness of the magnetic film 4a is preferably 1-40 nm, 
more preferably 5-30 nm, and the thickness of the magnetic film 4b is preferably 
1-20 nm, more preferably 1-10 nm. 

The coercive force of the first magnetic film 4a is preferably 2,000 (Oe) or 
more, more preferably 3,000 (Oe) or more. When the coercive force falls below 
the above range, the thermal stability of the magnetic film 4a is lowered, 
resulting in lowering of the effect of enhancing thermal stability. The coercive 
force of the first magnetic film 4a is preferably larger than that of the second 
magnetic film 4b. In this case, the first magnetic film 4a serves as a primary 
magnetic film having a coercive force larger than that of the second magnetic 



film 4b, and the coercive force of the entiremagnetic layer 4 (magnetic recording 
medium) becomes equal to that of the primary magnetic film. 

The directions of the magnetic moments of the first and second magnetic 
films 4a and 4b are opposite each other due to antiferromagnetic bonding via the 
5 intermediate film 4c, and thus the magnetic layer 4 has a laminated ferrimagnetic 
structure. 

The first and second magnetic films 4a and 4b have an hep structure, and 
the orientation plane of each film is a (110) plane. 

The intermediate film 4c is preferably formed from a material 
10 predominantly containing at least one element selected from among Ru, Cr, Ir, Rh, 
Mo, Cu, Co, Re, and V. Particularly, the film 4c is preferably formed from Ru. 

When the intermediate film 4c is formed from Ru, the thickness of the film 
p 4c is preferably 0.6-1 nm, more preferably 0.7-0.9 nm. 

Q When the thickness falls below or exceeds the above range, 

[q 15 antiferromagnetic bonding between the two magnetic films 4a and 4b becomes 
Nj unsatisfactory, with the result that the effect of enhancing thermal stability is 
yj lowered. 

a When the intermediate film 4c is formed from Cr or a Cr alloy, the 

fy thickness of the film 4c is preferably 2-3 nm, more preferably 2.2-2.8 nm. When 
^ 20 the thickness falls below or exceeds the above range, antiferromagnetic bonding 
Q between the two magnetic films 4a and 4b becomes unsatisfactory, with the 
result that the effect of enhancing thermal stability is lowered. 

The protective layer 5 may be formed from a conventionally known 
material. For example, the layer 5 may be formed from a material containing a 
25 single component such as carbon, silicon oxide, silicon nitride, or zirconium 
oxide; or a material predominantly containing such components. 

The thickness of the protective layer 5 is preferably 2-10 nm. 
The lubrication layer 6 may be formed from a fluorine-containing lubricant 
such as perfluoropolyether. 
30 In the magnetic recording medium having the aforementioned structure, 

the ratio of a coercive force in a circumferential direction of the magnetic layer 4 
(Hcc) to a coercive force in a radial direction of the layer 4 (Her); i.e., Hcc/Hcr, is 
more than 1, preferably 1.1 or more, more preferably 1.2 or more. 

When the ratio Hcc/Hcr falls below the above range, the magnetic 
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anisotropy of the magnetic recording medium is insufficient, and thus magnetic 
characteristics of the medium, such as thermal stability, error rate, and noise 
characteristics, are unsatisfactory. 

An embodiment of the production process for a magnetic recording 
medium of the present invention will next be described by using the production 
of the aforementioned magnetic recording medium as an example. 

Fig. 2 shows an embodiment of the apparatus for producing the magnetic 
recording medium of the present invention. 

A sputtering apparatus 21 shown in Fig. 2 is employed for forming the 
orientation-determining layer 2 (not shown) on the non-magnetic substrate 1. 
The apparatus 21 includes a chamber 28 which is provided with a sputtering 
target 22 serving as a release source for releasing film formation particles, and a 
shielding plate 23 serving as means for determining the direction of the 
trajectory of the film formation particles released from the sputtering target 22. 

A feed line (29) is provided for feeding, for example, a sputtering gas into 
the chamber 28 and a discharge line (30) is provided for discharging, for 
example, a sputtering gas from the chamber 28. 

The sputtering target 22 contains a material constituting the 
orientation-determining layer 2, and assumes a disk shape. 

The shielding plate 23 is provided for controlling the direction of the 
trajectory of film formation particles released from the sputtering target 22 by 
shielding particles released in unintended directions. The shielding plate 23 
assumes a disk shape, and has, in its substantially central portion, a circular 
through-hole 24 through which the film formation particles pass. 

The shielding plate 23 is provided so that the plate 23 is substantially 
parallel to the sputtering target 22 and a predetermined distance is provided 
between the plate 23 and the target 22. 

The shielding plate 23 is provided so that the axis 23a of the plate 23 
substantially coincides with the axis 22a of the sputtering target 22. 

In order to enhance the accuracy of the incident angle of the film 
formation particles, the shielding plate 23 is preferably thinned as much as 
possible. For example, when the employed non-magnetic substrate 1 has an 
outer diameter of 2.5 inches (63.5 mm), the thickness of the shielding plate 23 is 
preferably 1.5-5 mm, more preferably 2-4 mm. 



I 



The shielding plate 23 is preferably formed from a metallic material 
exhibiting excellent heat resistance and producing few impurities, such as 
stainless steel or an aluminum alloy. Particularly, the plate 23 is preferably 
formed from an aluminum alloy, since film formation particles deposited onto 
5 the plate are easily removed, and the alloy is inexpensive. 

The diameter of the through-hole 24 is determined such that the incident 
angle a of released film formation particles is 10-75° with respect to the 
non-magnetic substrate 1 when the particles are deposited onto a region lb of 
the surface la of the substrate 1 on which the orientation-determining layer is to 
10 be formed. 

The incident angle a is an angle with respect to a line lc perpendicular to 
the non-magnetic substrate 1. 
q The diameter of the through-hole 24 is preferably reduced to the greatest 

O possible extent, so long as film formation efficiency is not lowered. For example, 

ry 

"q is when the employed non-magnetic substrate 1 has an outer diameter of 2.5 inches 
(63.5 mm), the diameter of the through-hole 24 is preferably 20 mm or less, more 

lh 

yj preferably 1 5 mm or less, much more preferably 7 mm or less. 
E When the orientation-determining layer 2 is formed using the sputtering 

fy apparatus 21, the non-magnetic substrate 1 is placed in the chamber 28, and the 
W 20 substrate 1 is provided so that the substrate 1 faces the sputtering target 22 with 
p the shielding plate 23 therebetween (i.e., on the left side as shown in Fig. 2). In 
^ this case, the non-magnetic substrate 1 is provided so as to be substantially 
parallel to the sputtering target 22 and the shielding plate 23. 

Subsequently, while a sputtering gas such as argon is fed into the chamber 
25 28 through the feed line 29, electricity is supplied to the sputtering target 22, to 
thereby release film formation particles from the target through sputtering. 

Among the film formation particles released from release portions 25 
located at a distance from — but on the sputtering target 22 — the center portion of 
the sputtering target 22, the particles directed to the center portion of the 
30 shielding plate 23 pass through the through-hole 24, and the rest of the particles 
are shielded by the shielding plate 23. 

As shown in Figs. 2 and 3, when the film formation particles released from 

the release portions 25 located at a distance from but on the sputtering target 

22 the center portion of the target 22 pass through the through-hole 24 
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provided at the center portion of the shielding plate 23 (see Fig. 2), a projection 
line 27 of the trajectory 26 of the particles formed on the surface la of the 
non-magnetic substrate 1 lies substantially along a radial direction of the 
substrate 1 (see Fig. 3). Therefore, the film formation particles are deposited 
5 onto the surface la uniformly in a circumferential direction of the substrate 1. 

The film formation particles are deposited onto the circular region lb of 
the surface la on which the orientation-determining layer is to be formed, so that 
the incident angle a of the particles is 10-75°. 

The incident angle a is preferably 15-75°, more preferably 20-75°, much 
10 more preferably 25-55°. 

When the incident angle a falls below the above range, the crystal 
orientation of the non magnetic undercoat layer 3 and the magnetic layer 4 is 
□ impaired, and the magnetic anisotropy of the magnetic layer is lowered. In 

*? 5 consideration of the configuration of the apparatus, controlling the incident angle 

§ y 

Q 15 a at a value exceeding the above range is difficult. 

jy. 

jj n The incident angle a may be at least 10° and less than 30°. Alternatively, 

W the angle a may be in excess of 65° and 75° or less. 

3 

When the incident angle a is controlled to fall within the above range, as 
shown in Fig. 1(b), the orientation-determining layer 2 has a crystal structure in 
20 which the columnar fine crystal grains 2 a are inclined in a radial direction of the 
non-magnetic substrate 1 with respect to the line 2b perpendicular to the 
substrate 1. 

The orientation-determining layer 2 is preferably subjected to oxidation or 
nitridation. 

25 In order to carry out the oxidation or nitridation, when the 

orientation-determining layer 2 is formed using the sputtering apparatus 21, an 
oxygen- or nitrogen-containing sputtering gas may be fed into the chamber 28 
through the feed line 29. 

The oxygen-containing sputtering gas may be a gas mixture of oxygen and 
30 argon. The nitrogen-containing sputtering gas may be a gas mixture of nitrogen 
and argon. 

The oxygen content or nitrogen content of the gas mixture is preferably 
1-50 vol96. 

In the present invention, the oxidation or nitridation may be carried out by 
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bringing the surface of the orientation-determining layer 2 into contact with an 
oxygen- or nitrogen-containing gas, after completion of formation of the layer 2. 

The oxygen-containing gas may be air, pure oxygen, or steam. 
Alternatively, the oxygen-containing gas may be an oxygen-rich gas consisting of 
s air in which the oxygen content is increased- The oxygen-rich means that the 
content of oxygen-gas is more than other gas. 

The nitrogen-containing gas may be air, pure nitrogen, or a nitrogen-rich 

gas. 

Specifically, in order to bring the surface of the orientation-deteimining 
10 layer 2 into contact with the oxygen- or nitrogen-containing gas, after the layer 2 
is formed on the substrate 1 in the sputtering apparatus 21 as described above, 
the oxygen- or nitrogen-containing gas is fed into the chamber 28 through the 
p feed line 29. 

O The oxygen content or nitrogen content of the oxygen- or 

rU 

y3 15 nitrogen-containing gas may be 1-100 vol%. 

^ When the amount of oxygen or nitrogen fed into the chamber, or the time 

m 

yj of exposure to oxygen or nitrogen is appropriately determined, the extent of 

a 



oxidation of the orientation-determining layer 2 can be regulated. For example, 
when the orientation-determining layer 2 is exposed to an oxygen gas atmosphere 
20 of 10 3 Pa or more under a vacuum of 10 4 to 10 6 Pa for 0.1-30 seconds, the layer 2 
assumes a predetermined oxidized state. 

Use of such an oxygen- or nitrogen-containing gas facilitates oxidation or 
nitridation of the layer 2. 

Through the oxidation or nitridation, at least the area in proximity to the 
25 surface of the orientation-determining layer 2 is oxidized or nitridized. 

In one method for carrying out the oxidation or nitridation, the 
orientation-determining layer 2 is formed using an oxygen- or nitrogen-containing 
sputtering gas, and then the surface of the layer 2 is brought into contact with an 
oxygen- or mtrogen-containing gas. Alternatively, the surface of the 
30 orientation-determining layer 2 may be exposed to air. 

The non-magnetic undercoat layer 3 and the magnetic layer 4 may be 
formed by sputtering. 

Being grown under the influence of the orientation-determining layer 2, the 
non-magnetic undercoat layer 3 exhibits excellent crystal orientation. The 
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non-magnetic undercoat layer 3 has a bcc structure, and the orientation plane 
(the predominant crystal orientation plane in the surface of the layer 3) is a (200) 
plane. 

Since the non-magnetic undercoat layer 3 exhibits excellent crystal 
orientation, the crystal orientation of the magnetic layer 4 formed on the layer 3 
is enhanced. The first and second magnetic films 4a and 4b of the magnetic 
layer 4 have an hep structure, and the orientation plane (the predominant crystal 
orientation plane in the surface of the layer 4) is a (110) plane. 

The protective layer 5 may be formed through plasma CVD or sputtering. 

The lubrication layer 6 may be formed by applying a lubricant such as a 
fluorine-containing liquid lubricant (e.g., perfluoropolyether) onto the protective 
layer 5 through dipping. 

In the magnetic recording medium of the embodiments shown in Fig. 1(a), 
the orientation-determining layer 2 for arranging the crystal orientation of a layer 
provided directly thereon is formed between the non-magnetic substrate 1 and 
the non-magnetic undercoat layer 3, and the layer 2 has a crystal structure in 
which the columnar fine crystal grains 2a are inclined in a radial direction of the 
substrate 1. Therefore, the crystal orientation of the non-magnetic undercoat 
layer 3 and the magnetic layer 4 can be improved, and the magnetic anisotropy of 
the magnetic layer 4 in a circumferential direction can be enhanced. 

Since the magnetic anisotropy of the magnetic layer 4 in a circumferential 
direction is enhanced, the crystal magnetic anisotropy constant (Ku) can be 
enhanced, resulting in improvement of thermal stability. 

Furthermore, since the magnetic layer 4 includes the first and second 
magnetic films 4a and 4b, and has a structure such that antiferromagnetic 
bonding is formed between the magnetic films, apparent magnetization of the 
magnetic layer is reduced due to antiferromagnetic bonding between the 
magnetic films 4a and 4b. 

Therefore, the volume of magnetic grains can be increased sufficiently 
without adversely affecting noise characteristics and resolution, and thermal 
stabilization can be attained. Accordingly, thermal stability can further be 
enhanced. 

In general, the strength of antiferromagnetic bonding between two 
magnetic films is greatly affected by the thickness of an intermediate film 



provided between the magnetic films. For example, in the case in which the 
intermediate film is formed from Ru, when the thickness of the intermediate film 
is about 0.8 nm, the strength of antiferromagnetic bonding between the magnetic 
films becomes maximum. When the thickness of the intermediate film is slightly 
increased or decreased from the above thickness corresponding to the maximum 
strength of the antiferromagnetic bonding, the strength of the antiferromagnetic 
bonding is drastically reduced. 

Therefore, in the case in which a magnetic layer has an antiferromagnetic 
coupling structure (AFC structure), when a film formed below the magnetic layer 
has large surface irregularities, the thickness of the intermediate film becomes 
non-uniform, the strength of antiferromagnetic bonding is lowered locally, and 
thus thermal stability tends to become unsatisfactory. 

In contrast, in the magnetic recording medium of the embodiments shown 
in Fig. 1(a), since the magnetic anlsotropy of the magnetic layer 4 can be 
enhanced, texturing is not required during production of the medium. Therefore, 
non-uniformity in the thickness of the intermediate film 4c, which is caused by 
surface irregularities formed through texturing, can be prevented, the strength of 
antiferromagnetic bonding can be enhanced, and a satisfactory effect of 
enhancing thermal stability can be obtained. 

Meanwhile, since the surface smoothness of the orientation-determining 
layer 2 can be enhanced, the average surface roughness (Ra) of the medium is 
reduced, and excellent glide height characteristics can be obtained. 

Since a texturing step is not necessary during production of the medium, 
the production process is simplified and production costs can be reduced. 

Since the magnetic anisotropy of the magnetic layer 4 in a circumferential 
direction can be enhanced, half power width of isolated read pulse can be 
reduced, and the resolution of reproduction output can be enhanced. Therefore, 
error rate can be improved. 

When the magnetic anisotropy is enhanced, coercive force and 
reproduction output can be enhanced. Therefore, noise characteristics such as 
SNR can be improved. 

In addition, crystal grains in the non-magnetic undercoat layer 3 become 
fine. Consequently, magnetic grains in the magnetic layer 4 which is grown 
under the influence of the layer 3 can become fine and uniform, resulting in 



reduction in noise. Therefore, noise characteristics can further be improved. 

When the orientation-determining layer 2 is formed from a non-magnetic 
metal having a Fd3m structure, the crystal orientation of the non-magnetic 
undercoat layer 3 and the magnetic layer 4 is improved, and the magnetic 
5 anisotropy of the magnetic film 4 can further be enhanced. 

In the production process of the aforementioned embodiment, when film 
formation particles are released from the sputtering target 22 and deposited onto 
the surface la of the non-magnetic substrate 1, to thereby form the 
orientation-determining layer 2, the direction of the trajectory of the film 
10 formation particles is controlled so that the projection line 27 of the trajectory 26 
of the particles formed on the substrate 1 lies substantially along a radial 
direction of the substrate 1, and the incident angle a of the trajectory is 10-75° 
p with respect to the substrate 1. Therefore, the magnetic anisotropy of the 
O magnetic layer 4 can be enhanced. Consequently, thermal stability can be 
yg 15 enhanced. 

H Furthermore, magnetic characteristics, such as error rate and noise 

yj characteristics, can be enhanced, and excellent glide height characteristics can be 

f obtained. 

H 

fU Since the magnetic anisotropy of the magnetic layer 4 can be enhanced 

jj^ 20 without carrying out texturing, deterioration of glide height characteristics can be 
p prevented, which deterioration is attributed to an increase in the average surface 

roughness of the medium caused by surface irregularities formed through 

texturing. 

In addition, since a texturing step is not necessary during production of 
25 the medium, the production process is simplified and production costs can be 
reduced. 

Oxidation or nitridation of the surface of the orientation-determining layer 
2 can cause the non-magnetic undercoat layer 3 to have an orientation plane of 
(200), further enhance the magnetic anisotropy of the magnetic layer 4, and 
30 improve thermal stability, error rate, noise characteristics, etc. of the magnetic 
recording medium. 

In the aforementioned production process, since the 
orientation-determining layer 2 is formed by sputtering using the sputtering 
target 22 serving as a release source of film formation particles, formation of the 
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orientation-determining layer 2 is carried out easily. 

When the orientation-determining layer 2 is formed using an oxygen- or 
nitrogen-containing sputtering gas, formation of the layer 2, and oxidation or 
nitridation of the layer 2 can be carried out in a single step, and thus the 
production step can be simplified. Consequently, operation is simplified and 
productivity can be enhanced. 

When the oxidation or nitridation of the orientation-determining layer 2 is 
carried out by bringing the surface of the layer 2 into contact with an oxygen- or 
nitrogen-containing gas, firstly the layer 2 is formed on the non-magnetic 
substrate 1 by use of the sputtering apparatus 21, and subsequently, without 
removal of the thus-formed medium substrate M (the non-magnetic substrate 1 
and the orientation-determining layer 2 formed thereon) from the apparatus 21, 
the surface of the layer 2 is subjected to oxidation or nitridation in the same 
apparatus 21. 

Therefore, simplification of the production step and operation, and 
enhancement of productivity can be attained. 

Since the aforementioned sputtering apparatus 21 includes the sputtering 
target 22 serving as a release source of film formation particles, and the shielding 
plate 23 for controlling the direction of the trajectory of the released film 
formation particles, the incident direction of the trajectory of the particles with 
respect to the non-magnetic substrate 1 can be accurately controlled. 

Therefore, the crystal orientation of the non-magnetic undercoat layer 3 
and the magnetic layer 4 is improved, and the magnetic anisotropy of the 
magnetic layer 4 can be reliably enhanced. 

In the present invention, the orientation-determining layer may be formed 
from an NiP alloy having an amorphous structure (an amorphous NiP alloy). 

Fig. 1(a) shows an example of the magnetic recording medium including 
the orientation-determining layer formed from an amorphous NiP alloy. 

A second embodiment of the magnetic recording medium of the present 
invention will be described with reference to Fig. 1(a), 

In the magnetic recording medium of the second embodiment, preferably, 
the orientation-determining layer 2 is formed from an NiP alloy, and the Ni 
content of the alloy is 50-90 at%. 

The orientation-determining layer 2 containing an amorphous NiP alloy 
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may be formed in a manner similar to that of the aforementioned production 
process. 

Specifically, the sputtering apparatus 21 including the sputtering target 22 
containing an amorphous NiP alloy and the shielding plate 23 is employed, and 
5 film formation particles released from the sputtering target 22 are deposited 
onto the surface la of the non-magnetic substrate 1 such that the incident angle 
a of the trajectory of the particles is 10-75° with respect to the substrate 1. 

When the orientation-determining layer 2 is formed, the layer 2 is 
subjected to oxidation or nitridation according to the aforementioned process, by 
10 employing an oxygen- or nitrogen-containing sputtering gas or by bringing the 
layer 2 into contact with an oxygen- or nitrogen-containing gas. Consequently, at 
least the surface of the orientation-determining layer 2 may be crystallized, 
p In the resultant magnetic recording medium, the ratio of a coercive force 

■ JjJ in a circumferential direction of the magnetic layer 4 (Hcc) to a coercive force in a 

i u 

J3 15 radial direction of the layer 4 (Her); i.e., Hcc/Hcr, is more than 1, preferably 1.1 or 
^ more, more preferably 1.2 or more. 

Uj In the magnetic recording medium of the second embodiment, similar to 

j\ the case of the magnetic recording medium of the first embodiment, the crystal 

orientation of the non-magnetic undercoat layer 3 and the magnetic layer 4 is 
20 improved, and the magnetic anisotropy of the magnetic layer can be enhanced. 

Therefore, magnetic characteristics, such as thermal stability, error rate, 
and noise characteristics, can be improved. In addition, glide height 
characteristics can be enhanced. 

Fig. 4 shows a third embodiment of the magnetic recording medium of the 
25 present invention. The magnetic recording medium shown in Fig. 4 differs from 
the medium shown in Fig. 1 in that a magnetic layer 14 includes a first magnetic 
film 14a (uppermost film), a second magnetic film 14b, a third magnetic film 14c 
(lowermost film), a first intermediate film 14d provided between the first and 
second magnetic films 14a and 14b, and a second intermediate film 14e provided 
30 between the second and third magnetic films 14b and 14c. 

The first, second, and third magnetic films 14a, 14b, and 14c may be 
formed from the magnetic material described above as the material of the 
magnetic films 4a and 4b. 

The coercive force of the first magnetic film 14a (Hcl) is preferably 2,000 
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(Oe) or more, more preferably 3,000 (Oe) or more. When the coercive force (Hcl) 
falls below the above range, the thermal stability of the magnetic film 14a is 
lowered, resulting in lowering of the effect of enhancing thermal stability. The 
coercive force of the first magnetic film 14a (Hcl) is preferably larger than the 
5 coercive force of the second magnetic film 14b (Hc2) or the coercive force of the 
third magnetic film 14c (Hc3). In this case, the first magnetic film 14a serves as 
a primary magnetic film having the largest coercive force. 

No particular limitation is imposed on the thickness of the first, second, 
and third magnetic films 14a, 14b, and 14c. However, when the thickness is very 
10 small, the volume of magnetic grains decreases, resulting in poor thermal 
stability, whereas when the thickness is very large, magnetization of the magnetic 
layer becomes excessively large, potentially resulting in an increase in noise. 

Therefore, the thickness of the first magnetic film 14a is preferably 1-40 
O nm, more preferably 5-30 nm, and the thickness of the second and third magnetic 

ry 

15 films 14b and 14c is preferably 1-20 nm, more preferably 1-10 nm. 

The material and the thickness of the first and second intermediate films 

m 

y 14d and 14e may be similar to those of the aforementioned intermediate film 4c. 

" In the magnetic recording medium of the third embodiment, preferably, 

jffj the antiferromagnetic bonding magnetic field of the second magnetic film 14b, 

jpg 20 which is adjacent to; via the intermediate film 14d, the first magnetic film 14a 
Q having the largest coercive force is larger than the coercive force of the magnetic 

** film 14b. 

The reason for this will next be described with reference to Figs. 5(A) and 

(B). 

25 Figs. 5(A) and (B) show a hysteresis loop of the magnetic recording 

medium of the third embodiment. 

In the magnetic recording medium, since magnetization inversion occurs 
not only in the uppermost magnetic film (the first magnetic film 14a) but also in 
the other magnetic films (the second and third magnetic films 14b and 14c), the 

30 hysteresis loop has a plurality of steps (magnetization inversion portions). 

Specifically, as shown in Fig. 5(A), the hysteresis loop formed while 
external magnetic field H is reduced has a magnetization inversion portion R2 of 
the second magnetic film 14b (which is present in the first quadrant in which the 
external magnetic field H and magnetization M are positive), a magnetization 
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inversion portion R3 of the third magnetic film 14c, and a magnetization 
inversion portion Rl of the first magnetic film 14a. 

At the magnetization inversion portions R2, R3, and Rl, percent reduction 
in magnetization drastically increases when the external magnetic field H is 
reduced. In Fig. 5(A) and (B), the broken line shows a portion of a hysteresis 
loop (minor loop) formed while the external magnetic field H is increased and 
decreased in the vicinity of the magnetization inversion portions. 

In the case of the magnetic recording medium, within region Al shown in 
Fig. 5(A) in which the external magnetic field H is sufficiently high, all the three 
magnetic films are magnetized in a positive direction. However, when the 
external magnetic field H is reduced, the magnetization direction of the second 
magnetic film 14b is inverted at the magnetization inversion portion R2, and in 
region A2, the second magnetic film 14b is magnetized in a negative direction. 

When the external magnetic field H is further reduced, the magnetization 
direction of the third magnetic film 14c is inverted at the magnetization inversion 
portion R3, and in region A3, the third magnetic film 14c is magnetized in a 
negative direction. 

When the external magnetic field H is further reduced, the magnetization 
direction of the first magnetic film 14a is inverted at the magnetization inversion 
portion Rl, and the first magnetic film 14a is magnetized in a negative direction. 
In region A4, the first magnetic film 14a is magnetized completely in a negative 
direction. In the region A4, the coercive force of the entire magnetic layer 14 
(He) becomes substantially equal to the coercive force of the first magnetic film 
14a (Hcl), the film having the largest coercive force. The external magnetic field 
H corresponding to the peak of the absolute value of the differential value of the 
hysteresis loop in the vicinity of the magnetization inversion portion Rl is called 
the coercive force (Hcl). 

External magnetic fields corresponding to peaks of the absolute value of 
the differential value of the hysteresis loop (minor loop) MR2 in the vicinity of the 
magnetization inversion portion R2 are called Hc2A and Hc2B, and the average of 
the Hc2A and Hc2B is called antiferromagnetic bonding magnetic field Hbias2. 
The difference between Hc2A and Hbias2 is called the coercive force of the 
second magnetic film 14b (Hc2). 

In the magnetic recording medium, as shown in Fig. 5(B), the 



antiferromagnetic bonding magnetic field Hbias2; i.e., the external magnetic field 
H corresponding to the center of the hysteresis loop (minor loop) MR2 at the 
magnetization inversion portion R2 of the second magnetic film 14b, is larger 
than the coercive force of the second magnetic film (Hc2). 
5 Therefore, after all the three magnetic films are magnetized in a positive 

direction through application of high external magnetic field H, when the 
magnetic field H is reduced to zero, the magnetization direction of the second 
magnetic film 14b is inverted reliably, and the film 14b is magnetized in a 
negative direction, due to antiferromagnetic bonding between the film 14b and 
10 the adjacent magnetic films 14a and 14c. 

Therefore, in the case of reproduction when the external magnetic field is 
zero, because of the antiferromagnetic bonding, apparent magnetization of the 
p magnetic layer 14 becomes the value obtained by subtracting the magnetization 

Q of the magnetic film 14b from the total magnetization of the magnetic films 14a, 

Rj 

is 14b, and 14c. Consequently, apparent magnetization of the entire magnetic 
N 5 layer 14 is reduced, and the effect of enhancing thermal stability can be obtained 
y reliably, without causing deterioration of noise characteristics and resolution. 
£ In contrast, when the antiferromagnetic bonding magnetic field Hbias2 is 

fU smaller than the coercive force Hc2, the antiferromagnetic bonding between the 
jjj 20 magnetic films becomes unsatisfactory. Therefore, even when the external 
□ magnetic field is zero, the magnetization direction of the second magnetic film 
14b is not inverted, and the magnetization of the entire magnetic layer 14 
increases during reproduction. As a result, noise characteristics and resolution 
may be adversely affected. In addition, since the antiferromagnetic bonding 
25 between the magnetic films becomes unsatisfactory, the effect of increasing the 
effective volume of magnetic grains is lowered, potentially resulting in lowering 
of the effect of enhancing thermal stability. 

In the magnetic recording medium of the third embodiment, the magnetic 
layer 14 includes the first, second, and third magnetic films 14a, 14b, and 14c, 
30 the first intermediate film 14d provided between the magnetic films 14a and 14b, 
and the second intermediate film 14e provided between the magnetic films 14b 
and 14c. Therefore, as compared with the magnetic recording medium of the 
first embodiment including two magnetic films (see Fig. 1(a)), the thickness of the 
magnetic film 14a can be reduced without decreasing the effective volume of 
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magnetic grains of the entire magnetic layer 14. Consequently, thermal stability 
can be enhanced, disturbance of magnetization direction in the magnetic film 14a 
can be minimized, and noise characteristics and resolution during recording and 
reproduction can be improved. 

In the magnetic recording medium of the third embodiment, the magnetic 
layer has two laminated structures, each including the magnetic film and the 
intermediate film adjacent thereto (i.e., a first laminated structure including the 
magnetic film 14b and the intermediate film 14d, and a second laminated 
structure including the magnetic film 14c and the intermediate film 14e). In the 
present invention, the magnetic layer may have three or more laminated 
structures, each including the magnetic film and the intermediate film adjacent 
thereto. 

In this case, the effective volume of magnetic grains of the magnetic film 
can further be increased, and thus thermal stability can be enhanced. 

Fig. 6 shows a fourth embodiment of the magnetic recording medium of 
the present invention. The magnetic recording medium shown in Fig. 6 includes 
a non-magnetic intermediate layer 15 provided between the non-magnetic 
undercoat layer 3 and the magnetic layer 14. 

The non-magnetic intermediate layer 15 is preferably formed from a 
non-magnetic material having an hep structure. The non-magnetic intermediate 
layer 15 is preferably formed from a CoCr-based alloy. The layer 15 may be 
formed from an alloy of CoCr and one or more species selected from among Pt, 
Ta, ZrNb, Cu, Re, Ni, Mn, Ge, Si, O, N, and B. 

In order to prevent an increase in the size of magnetic grains of the 
magnetic layer 14, the thickness of the non-magnetic intermediate layer 15 is 
preferably 20 nm or less, more preferably 10 nm or less. 

In the magnetic recording medium of the fourth embodiment, since the 
non-magnetic intermediate layer 15 is provided, the orientation of the magnetic 
layer 14 can be enhanced, and thermal stability can further be improved. 

Fig. 7 shows a fifth embodiment of the magnetic recording medium of the 
present invention. The magnetic recording medium shown in Fig. 7 includes a 
second undercoat layer 16 provided between the orientation-determining layer 2 
and the non-magnetic undercoat layer 3. The second undercoat layer 16 may be 
formed from Cr or a Cr alloy. 
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In the magnetic recording medium, the crystal orientation of the 
non-magnetic undercoat layer 3 and the magnetic layer 4 can be enhanced, and 
the magnetic anisotropy of the magnetic layer 4 can further be enhanced. 

Fig. 8 shows a sixth embodiment of the magnetic recording medium of the 
5 present invention. The magnetic recording medium shown in Fig. 8 includes an 
orientation-enhancing layer 17 provided between the non-magnetic substrate 1 
and the orientation-determining layer 2. 

The orientation-enhancing layer 17 is provided for regulating the 
orientation of the orientation-determining layer 2 and for preventing separation 
10 of the layer 2 from the substrate 1. The orientation-enhancing layer 17 may be 
formed from, for example, an alloy predominantly containing one or more 
elements selected from among Cr, Mo, Nb, V, Re, Zr, W, and Ti. Particularly, the 
layer 17 is preferably formed from Cr, or a CrMo-, CrTi-, CrV-, or CrW-based alloy. 
The layer 17 may be formed from a material having a B2 structure or an 
*0 15 amorphous structure. 

Examples of the material having a B2 structure include NiAl-based alloys 
UJ (e.g., M50A1), CoAl-based alloys (e.g., Co50Al), and FeAl-based alloys (e.g., 

jL, FeSOAl). 

HJ Examples of the material having an amorphous structure include CuZr-, 

ru 

©3 20 TiCu-, NbNi- and NiP-based alloys. 
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Preferred, specific examples of the material of the orientation-enhancing 
layer 17 include a material predominantly containing any one of NiAl, FeAl, CoAl, 
CoZr, CoCrZr, and CoCrC. 

The thickness of the orientation-enhancing layer 17 is preferably 200 nm 
25 or less; for example, 5-200 nm. When the thickness exceeds 200 nm, the effect 
of enhancing the magnetic anisotropy of the magnetic layer 4 is lowered. 

In the magnetic recording medium of the sixth embodiment, since the 
orientation-enhancing layer 17 is provided, disturbance of the orientation of the 
orientation-determining layer 2, which occurs during an initial stage of its growth, 
30 is prevented, the crystal orientation of the non-magnetic undercoat layer 3 and 
the magnetic layer 14 is improved, and the magnetic anisotropy of the magnetic 
layer 14 can further be enhanced. Therefore, thermal stability can further be 
enhanced. 

In addition, peeling off of the orientation-determining layer 2 from the 



- 30 - 



non-magnetic substrate 1 can be prevented. 

In the present invention, as described below, a plurality of 
orientation-determining layers may be provided. 

Fig. 9 shows a seventh embodiment of the magnetic recording medium of 
the present invention. The magnetic recording medium shown in Fig. 9 differs 
from the magnetic recording medium shown in Fig. 4 in that first and second 
orientation-determining layers 2 c and 2d are provided instead of the 
orientation-determining layer 2. 

The material and the thickness of the orientation-determining layers 2 c 
and 2d may be similar to those of the orientation-determining layer 2 of the 
magnetic recording medium shown in Fig. 1(a). The number of the 
orientation-determining layers may be three or more. 

As described below, the magnetic recording medium of the present 
invention may have a structure in which a non-magnetic undercoat layer is not 
provided and a magnetic layer is formed directly on an orientation-determining 
layer. In this case, the magnetic recording medium may have a structure 
described herein except that a non-magnetic undercoat layer is not provided. 

Fig. 10 shows an eighth embodiment of the magnetic recording medium of 
the present invention. The magnetic recording medium shown in Fig. 10 differs 
from the magnetic recording medium shown in Fig. 4 in that the non-magnetic 
undercoat layer 3 is not formed. 

In the magnetic recording medium of Fig. 10, the orientation-determining 
layer 2 is formed between the non-magnetic substrate 1 and the magnetic layer 
14, and the layer 2 has a crystal structure in which the columnar fine crystal 
grains 2 a are inclined in a radial direction. Therefore, the crystal orientation of 
the magnetic layer 14 can be improved, and the magnetic anisotropy of the 
magnetic layer 14 in a circumferential direction can be enhanced, resulting in 
improvement of thermal stability. 

In the present invention, the magnetic layer may have a single-layer 
structure formed from a single material. In this case, the magnetic layer may be 
formed from the material which can be used for forming the aforementioned 
magnetic films 4a and 4b. 

Fig. 1 1 shows an embodiment of the magnetic recording and reproducing 
apparatus including the aforementioned magnetic recording medium. The 
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apparatus shown in Fig. 11 includes a magnetic recording medium 7 having the 
aforementioned structure; a medium-driving section 8 which rotates the medium 
7; a magnetic head 9 which is employed for recording data onto the medium 7 
and for reproducing the data from the medium 7; a head-driving section 10; and 
5 a recorded/reproduced signal-processing system 11, In the 

recorded/reproduced signal-processing-system 11, incoming external signals are 
processed and sent to the magnetic head 9, or reproduction signals from the 
head 9 are processed and output to the outside. 

When the magnetic recording and reproducing apparatus is employed, 
10 since the magnetic anisotropy of the magnetic recording medium can be 
enhanced, thermal stability is enhanced, and problems, including loss of recorded 
data attributed to thermal decay, can be obviated, 
t In addition, magnetic characteristics, such as error rate and noise 

P characteristics, can be improved, and excellent glide height characteristics can be 

fU 

is obtained. Therefore, high recording density can be attained. 

I-* Fig. 12 shows another embodiment of the apparatus for producing the 

HI 

y magnetic recording medium of the present invention. A sputtering apparatus 3 1 
5 shown in Fig. 12 differs from the sputtering apparatus 21 shown in Fig. 2 in that 

fy a sputtering target 32 serving as a release source of film formation particles 
jjj 20 assumes an annular shape, and that a shielding plate 33 includes an annular 
Q outer shielding plate 33a and a disk-shaped inner shielding plate 33b provided in 
^ the aperture of the shielding plate 33 a. 

The outer diameter of the inner shielding plate 33b is smaller than the 
inner diameter of the outer shielding plate 33 a. The shielding plate 33 also 
25 includes a slit 34 through which film formation particles pass, the slit 34 being 
formed between the inner periphery of the shielding plate 33a and the outer 
periphery of the shielding plate 33b. 

The inner diameter of the outer shielding plate 33a and the outer diameter 
of the inner shielding plate 33b are set so that the incident angle a' of the 
30 trajectory of released film formation particles is 10-75° with respect to the 
non-magnetic substrate 1 when the particles are deposited onto the substrate 1. 

When the orientation-deteimining layer 2 is formed by use of the 
sputtering apparatus 31, film formation particles, which have been released from 
the sputtering target 32 and have passed through the slit 34, are deposited onto 
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the surface la of the non-magnetic substrate 1 such that the incident angle a' of 
the trajectory of the particles is 10-75° with respect to the substrate 1. 

In the present invention, when the non-magnetic undercoat layer 3 and the 
magnetic layer 4 are formed by use of the sputtering apparatus 21 or 31, the 
s direction of the trajectory of film formation particles may be controlled such that 
the projection line of the trajectory of the particles formed on a deposition 
surface lies substantially along a radial direction of the non-magnetic substrate, 
and the incident angle of the trajectory is 10-75° with respect to the substrate. 

In this case, the magnetic anlsotropy of the magnetic layer 4 can further be 
10 enhanced. 

In the present invention, the orientation-determining layer may be formed 
by, instead of sputtering, any physical vapor deposition method such as vacuum 
q deposition, gas sputtering, gas-flow sputtering, or an ion-beam method. 
O In the aforementioned embodiments, in relation to the coercive force of 

ru 

£j 15 the entire magnetic layer (He), the ratio of a coercive force in a circumferential 
^7 direction of the magnetic layer (Hcc) to a coercive force in a radial direction of the 

m 

hj layer (Her); i.e., Hcc/Hcr is used as an index of magnetic anisotropy, but the 
^ present invention is not limited to the aforementioned embodiments. For 
Hj example, in relation to the coercive force of each magnetic film constituting the 
Jg 20 magnetic layer (e.g., the coercive force of the second magnetic film 14b (Hc2)), the 
Q ratio of a coercive force in a circumferential direction of the magnetic film to a 
r coercive force in a radial direction of the film may be used as an index of 

magnetic anisotropy. 

Examples 

25 The present invention will next further be described in detail by way of 

Examples, which are not intended to limit the scope of the present invention and 
should not be construed as doing so. 
Test Example 1 

By sputtering using a DC magnetron sputtering apparatus (Model 3010, 
30 product of ANELVA), an orientation-enhancing layer containing 50Ni50Al 
(50at%Ni-50at%Al), a non-magnetic undercoat layer containing 94Cr6Mo 
(94at%Cr-6at%Mo) (thickness: 10 nm), a non-magnetic intermediate layer 
containing 60Co40Cr (60at%Co-40at%Cr) (thickness: 2 nm), a magnetic layer 
containing 64Co22CrlOPt4B (64at%Co-22at%Cr-10at%Pt-4at%B) (thickness: 18 nm), 
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and a protective layer containing carbon (thickness: 6 nm) were formed on a 
non-magnetic substrate (amorphous glass, diameter: 65 mm, thickness: 0,635 
mm). Subsequently, a lubrication layer containing perfluoroether was formed on 
the protective layer through dipping. 
5 During film formation, the chamber of the sputtering apparatus was 

evacuated to 2 x lO 6 Pa. The non-magnetic substrate 1 was heated to 200°C. 
Argon gas was used as a sputtering gas. 
Test Example 2 

A magnetic layer was formed so as to have a structure including a first 
10 magnetic film containing 64Co22CrlOPt4B (64at%Co-22at%Cr-10at%Pt-4at%B) 
(thickness: 18 nm); second and third magnetic films each containing 
84Col2Cr4Ta (84at%Co-12at%Cr-4at96Ta) (thickness of each film: 2.5 nm); and 
^ first and second intermediate films each containing Ru (thickness of each film: 
Q 0.8 nm), the intermediate films being provided between the magnetic films, to 
15 thereby produce a magnetic recording medium. Other conditions were similar to 
H those of Test Example 1. 
yj Test Example 3 

• Instead of an orientation-enhancing layer containing NiAl, a second 

fy undercoat layer containing Cr (thickness: 10 nm) was provided between a 
20 non-magnetic substrate and a non-magnetic undercoat layer, to thereby produce 
a magnetic recording medium. Other conditions were similar to those of Test 
Example 1. 
Test Example 4 

An orientation-determining layer containing 70Cr30Nb (70at%Cr-30at%Nb) 
25 (thickness: 20 nm) was formed, to thereby produce a magnetic recording medium. 

The orientation-determining layer was formed using a sputtering 
apparatus 21 shown in Fig. 2. During formation of the layer, the direction of the 
trajectory 26 of film formation particles was controlled such that a projection 
line 27 of the trajectory 26 formed on a non-magnetic substrate 1 lied 
30 substantially along a radial direction of the substrate 1, and the incident angle of 
the trajectory was 10-75° with respect to the substrate 1. When the 
orientation-determining layer was formed, a gas mixture of nitrogen and argon 
(nitrogen content: 25 vol%) was used as a sputtering gas. Other conditions were 
similar to those of Test Example 3. 
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Test Examples 5 through 7 

A magnetic recording medium as shown in Fig. 7 was produced as follows. 
By sputtering using a DC magnetron sputtering apparatus (Model 3010, 
product of ANELVA), an orientation-determining layer 2 containing 70Cr30Nb 
5 (70at%Cr-30at%Nb) (thickness: 20 nm), a second undercoat layer 16 containing Cr 
(thickness: 10 nm), a non-magnetic undercoat layer 3 containing 94Cr6Mo 
(94at%Cr-6at%Mo) (thickness: 10 nm), a non-magnetic intermediate layer 15 
containing 60Co40Cr 60at%Co-40at%Cr) (thickness: 2 nm), a magnetic layer 14, 
and a protective layer 5 containing carbon (thickness: 6 nm) were formed on a 
10 non-magnetic substrate 1 (amorphous glass, diameter: 65 mm, thickness: 0-635 
mm). Subsequently, a lubrication layer 6 containing perfluoroether was formed 
on the protective layer 5 through dipping. 
^ The magnetic layer 14 was formed so as to have a structure including first, 

Q second, and third magnetic films 14a, 14b, and 14c (thickness: 18 nm, 2.5 nm, 
jyg 15 and 2.5 nm, respectively), and first and second intermediate films 14d and 14e 

(thickness of each film: 0.8 nm) provided between the magnetic films, 
yj The first magnetic film 14a was formed from 64Co22CrlOPt4B 

(64at%Co-22at96Cr-10at%Pt-4at%B); the second and third magnetic films 14b and 
fy 14c were formed from 84Col2Cr4Ta (84at%Co-12at%Cr-4at%Ta); and the 

W 20 intermediate films 14d and 14e were formed from Ru. 

03 

q The orientation-determining layer 2 was formed usinga sputtering 

^ apparatus 21 shown in Fig. 2. During formation of the layer 2, the direction of 
the trajectory 26 of film formation particles was controlled such that a projection 
line 27 of the trajectory 26 formed on the non-magnetic substrate 1 lied 
25 substantially along a radial direction of the substrate 1, and the incident angle of 
the trajectory was 10-75° with respect to the substrate 1. When the 
orientation-determining layer 2 was formed, a gas mixture of nitrogen and argon 
(nitrogen content: 25 vol%) was used as a sputtering gas. Other conditions were 
similar to those of Test Example 4. 
30 Test Example 8 

A magnetic layer 4 was formed so as to have a structure including first and 
second magnetic films 4a and 4b (thickness: 18 nm and 2.5 nm, respectively), and 
an intermediate film 4c (thickness: 0.8 nm) provided between the magnetic films, 
to thereby produce a magnetic recording medium. 
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The first magnetic film 4a was formed from 64Co22CrlOPt4B 
(64at%Co-22at%Cr-10at%Pt-4at%B); the second magnetic film 4b was formed from 
84Col2Cr4Ta (84at%Co-12at%Cr-4at96Ta); and the intermediate films 4c was 
formed from Ru. Other conditions were similar to those of Test Examples 5 
through 7. 

Test Examples 9 through 13 

A magnetic recording medium shown in Fig. 6 was produced as follows. 

On a non-magnetic substrate 1 (glass ceramic, diameter: 65 mm, thickness: 
0.635 mm) an orientation-determining layer 2 containing 70Cr30Nb 
(70at%Cr-30at%Nb) (thickness: 20 nm), a non-magnetic undercoat layer 3 
containing 8 5 Cr 15 Mo (85at%Cr-15at%Mo) (thickness: 10 nm), a non-magnetic 
intermediate layer 15 containing 60Co40Cr (60at%Co-40at%Cr) (thickness: 2 nm), 
a magnetic layer 14, a protective layer 5 containing carbon (thickness: 6 nm), and 
a lubrication layer 6 were formed. 

The orientation-determining layer 2 was formed using a sputtering 
apparatus 21 shown in Fig. 2. During formation of the layer 2, the direction of 
the trajectory 26 of film formation particles was controlled such that a projection 
line 27 of the trajectory 26 formed on the non-magnetic substrate 1 lied 
substantially along a radial direction of the substrate 1, and the incident angle of 
the trajectory was 10-75° with respect to the substrate 1. When the 
orientation-determining layer 2 was formed, a gas mixture of nitrogen and argon 
(nitrogen content: 25 vol%) was used as a sputtering gas. Other conditions were 
similar to those of Test Examples 5 through 7. 

Magnetostatic characteristics of the magnetic recording media of Test 
Examples 1 through 13 were measured using a vibrating sample magnetometer 
(VSM). The ratio of a coercive force in a circumferential direction of the entire 
magnetic layer (Hcc) to a coercive force in a radial direction of the magnetic layer 
(Her); i.e., Hcc/Hcr, was measured, and the ratio was regarded as an index of 
magnetic anisotropy. 

In each of Test Examples 9 through 13, a hysteresis loop (see Fig. 5) of the 
magnetic recording medium was formed, and the coercive force (Hc2) and 
antiferromagnetic bonding magnetic field (Hbias2) of the second magnetic film 
14b were obtained using the hysteresis loop. 

Read-write conversion characteristics (read-write properties) of the 
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magnetic recording medium were measured using a read/write analyzer 
RWA1632 and spin stand S1701MP (products of Guzik, U.S.A.). In order to 
evaluate read-write conversion characteristics, measurement was performed 
using, as a magnetic head, a complex-type thin film magnetic recording head 
5 containing a giant magnetoresistive (GMR) element at the reproduction portion, 
and track-recording density was set at 600 kFCI. 

Thermal stability (thermal decay) of the magnetic recording medium was 
measured in terms of reduction in output at a recording density of 300 kFCI at 
70°C, by use of the spin stand SI 70 IMP. 
10 The predominant crystal orientation planes of the non-magnetic undercoat 

layer and magnetic layer of the magnetic recording medium were specified 
through a 9/26 method using an X-ray diffraction measurement apparatus. 

The production conditions and the test results are shown in Tables 1 
Q through 4. 

ru 

>l 15 Test Example 14 

I s * On a non-magnetic substrate 1, an orientation-enhancing layer 17 

m 

y containing NiAl, a non-magnetic undercoat layer 3 containing 94Cr6Mo 
* (94at%Cr-6at%Mo), a non-magnetic intermediate layer 15 containing 60Co40Cr 

fy (60at%Co-40at%Cr), a magnetic layer 14, a protective layer 5 containing carbon, 
jjU 20 and a lubrication layer 6 were formed, to thereby produce a magnetic recording 
Q medium. Other conditions were similar to those of Test Examples 9 through 13. 
Test Example 1 5 

An orientation-enhancing layer 17 containing NiP was provided, the 
surface of the layer 17 was subjected to texturing along a circumferential 
25 direction, and on the layer 17, a second undercoat layer 16 containing Cr, a 
non-magnetic intermediate layer 15 containing 60Co40Cr (60at%Co-40at%Cr), a 
magnetic layer 14, a protective layer 5 containing carbon, and a lubrication layer 
6 were formed, to thereby produce a magnetic recording medium. Other 
conditions were similar to those of Test Example 14. 
30 Test Example 16 

A magnetic recording medium shown in Fig. 8 was produced as follows. 

An orientation-enhancing layer 17 containing 60Co30Crl0Zr 
(60at%Co-30at%Cr-10at%Zr) was provided on a non-magnetic substrate 1, and on 
the layer 17, an orientation-determining layer 2 containing Cr25V 
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(75at%Cr-25at%V), a second undercoat layer 16 containing Cr, a non-magnetic 
undercoat layer 3 containing 94Cr6Mo (94at%Cr-6at%Mo), a non-magnetic 
intermediate layer 15 containing 60Co40Cr, a magnetic layer 14, a protective 
layer 5 containing carbon, and a lubrication layer 6 were formed, to thereby 
5 produce a magnetic recording medium. 

The orientation-determining layer 2 was formed using a sputtering 
apparatus 21 shown in Fig. 2. During formation of the layer 2, the direction of 
the trajectory 26 of film formation particles was controlled such that a projection 
line 27 of the trajectory 26 formed on the non-magnetic substrate 1 lied 
10 substantially along a radial direction of the substrate 1, and the incident angle of 
the trajectory was 10-75° with respect to the substrate 1. When the 
orientation-determining layer 2 was formed, a gas mixture of nitrogen and argon 
8 Q (nitrogen content: 25 vol%) was used as a sputtering gas. Other conditions were 

Q similar to those of Test Example 14. 

Pi 

b jj 15 Test Example 1 7 

^ An NiP-plated aluminum alloy substrate was used as a substrate 1, and on 

yj the substrate 1, a second undercoat layer 16 containing Cr, a non-magnetic 
* e undercoat layer 3 containing 94Cr6Mo (94at%Cr-6at%Mo), a non-magnetic 
fU intermediate layer 15 containing 60Co40Cr (60at%Co-40at%Cr), a magnetic layer 
|j 20 14, a protective layer 5 containing carbon, and a lubrication layer 6 were formed, 
O to thereby produce a magnetic recording medium. Other conditions were similar 
N to those of Test Example 14. 
Test Example 18 

The procedure of Test Example 17 was repeated, except that the surface of 
25 the substrate 1 was subjected to texturing along a circumferential direction, to 
thereby produce a magnetic recording medium. 
Test Example 19 

The procedure of Test Example 16 was repeated, except that an aluminum 
substrate was used as the substrate 1, to thereby produce a magnetic recording 
30 medium. 

Test Example 20 

The procedure of Test Example 18 was repeated, except that a layer 
containing 64Co22CrlOPt4B (64at%-22at%Cr-10at%Pt-4at96B) (thickness: 18 nm) 
was formed as the magnetic layer, to thereby produce a magnetic recording 
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medium. 

Magnetostatic characteristics of the magnetic recording medium of each of 
Test Examples 14 through 20 were measured using a vibrating sample 
magnetometer (VSM). The ratio of a coercive force in a circumferential direction 
5 of the entire magnetic layer (Hcc) to a coercive force in a radial direction of the 
magnetic layer (Her); i.e. f Hcc/Hcr, was measured, and the ratio was regarded as 
an index of magnetic anisotropy. 

Read-write conversion characteristics of the magnetic recording medium 
were measured using a read/write analyzer RWA1632 and spin stand S1701MP 
10 (products of Guzik). In order to evaluate read-write conversion characteristics, 
measurement was performed using, as a magnetic head, a complex-type thin film 
magnetic recording head containing a giant magnetoresistive (GMR) element at 
the reproduction portion, and track-recording density was set at 600 kFCI. 

One recording track was divided into 512 sectors, and read-write 
[q 15 conversion characteristics were evaluated in four regions (each region including 

H 128 sectors), and variation in reproduction out signal (LFTAA) and signal to noise 

Iff 

yj ratio (SNR) in the recording track was evaluated. Evaluation of read-write 
g s conversion characteristics was performed at points 20 mm and 30 mm radially 

fy distant from the center of the medium. 

y 20 The production conditions and the test results are shown in Tables 5 and 

00 

a 6 - 

^ Test Example 21 

On a non-magnetic substrate 1 (glass ceramic, diameter: 65 mm, thickness: 
0.635 mm), an orientation-determining layer 2 containing 45Ni55Nb 
25 (45at%Ni-55at96Nb) (thickness: 20 nm), a second undercoat layer 16 containing Cr 
(thickness: 10 nm), a non-magnetic undercoat layer 3 containing 80Cr20V 
(80at%Cr-20at%V) (thickness: 10 nm), a non-magnetic intermediate layer 15 
containing 60Co40Cr (60at%Co-40at%Cr) (thickness: 2 nm), a magnetic layer 
containing 66Co21Cr9Pt4B (66at%Co-21at%Cr-9at%Pt-4at%B) (thickness: 17 nm), a 
30 protective layer 5 containing carbon (thickness: 6 nm), and a lubrication layer 6 
were formed, to thereby produce a magnetic recording medium. 

The orientation-determining layer 2 was formed using a sputtering 
apparatus 21 shown in Fig. 2. During formation of the layer 2, the direction of 
the trajectory 26 of film formation particles was controlled such that a projection 
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line 27 of the trajectory 26 formed on the non-magnetic substrate 1 lied 
substantially along a radial direction of the substrate 1, and the incident angle of 
the trajectory was 10-75° with respect to the substrate 1. When the 
orientation-determining layer 2 was formed, a gas mixture of nitrogen and argon 
5 (nitrogen content: 15 vol%) was used as a sputtering gas. 
Test Examples 22 through 27 

The procedure of Test Example 2 1 was repeated, except that the magnetic 
layer was changed to a magnetic layer having a configuration in which a 
laminated structure including a lower magnetic film formed from 83Col4Cr3Ta 
10 (83at%Co-14at%Cr-3at%Ta) (thickness: 2 nm) and an intermediate film formed 
from Ru (thickness: 0-8 nm) was laminated one to six times, and an uppermost 
magnetic film containing 66Co2 1 Cr9Pt4B (66at%Co-2 lat%Cr-9at%Pt-4at%B) 
p (thickness: 17 nm) was formed on the resultant laminate, to thereby produce a 
5 magnetic recording medium. 

ru 

$n 15 Test Examples 28 through 36 

La 

A magnetic recording medium shown in Fig. 7 was produced as follows. 
W An orientation-detemiining layer 2 was formed from a material shown in 

Tables 7-1 and 7-2, and a non-magnetic undercoat layer 3 was formed from 

Rj 94Cr6Mo (94at%Cr-6at%Mo), to thereby produce a magnetic recording medium. 

fU 

20 A magnetic layer was formed so as to have a configuration in which a 

laminated structure including a second magnetic film 14b formed from 
83Col4Cr3Ta (83at%Co-14at%Cr-3at%Ta) and an intermediate film 14d formed 
from a material shown in Tables 7-1 and 7-2 was laminated on a laminated 
structure including a third magnetic film 14c formed from 83Col4Cr3Ta 
25 (83at%Co-14at%Cr-3at%Ta) and an intermediate film 14e formed from a material 
shown in Table 7, and a first magnetic film 14a containing 66Co21Cr9Pt4B 
(66at%Co-21at%Cr-9at%Pt-4at%B) (thickness: 17 nm) were formed on the resultant 
laminate. Other conditions were similar to those of Test Example 21. 
Test Examples 37 through 58 
30 An orientation-enhancing layer 17 and an orientation-determining layer 2 

were formed from materials shown in Tables 8-1 and 8-2, so as to have 
thicknesses shown in Tables 8-1 and 8-2. The surface of the 
orientation-determining layer 2 was subjected to oxidation or nitridation by 
means of a method shown in Table 8, to thereby produce a magnetic recording 
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medium. 

A non-magnetic undercoat layer 3 (thickness: 5 nm) was formed from 
80Cr20W (80at%Cr-20at96W), and a non-magnetic intermediate layer 15 (thickness: 
2 nm) was formed from 63Co37Cr (63at96Co-37at%Cr). 
5 A magnetic layer was formed so as to have a configuration in which a third 

magnetic film 14c formed from 73Col8Cr6Pt3Ta 

(73at%Co-18at%Cr-6at%Pt-3at%Ta) (thickness: 2 nm), a second intermediate film 
14e formed from Ru (thickness: 0.8 nm), a second magnetic film 14b formed 
from 84Col2Cr4Ta (84at96Co-12at%Cr-4at%Ta) (thickness: 2.5 nm), a first 
10 intermediate film 14d formed from Ru (thickness: 0.8 nm), and a first magnetic 
film 14a formed from 64 Co2 2 Cr 1 0Pt4B (64at%Co-2 2 at%Cr- 1 0at%Pt-4at%B) 
(thickness: 18 nm) were laminated successively. Other conditions were similar to 
those of Test Example 21. 
Q In Tables 8-1 and 8-2, a method for oxidation or nitridation is shown in the 

- - 15 column "oxidation nitridation." For example, "20vol%N 2 /Ar" refers to the case 
in which a gas mixture of nitrogen and Ar (nitrogen content 20 vol%) was used as 
a sputtering gas, and "O z gas exposure" refers to the case in which the 
e orientation-determining layer 2 was exposed to oxygen gas (pure oxygen), 

fy Magnetostatic characteristics and read-write conversion characteristics of 

rU 2 o the magnetic recording media of Test Examples 21 through 58 were measured. 

03 

p The production conditions and the test results are shown in Tables 7-1, 7-2, 8-1 
** and 8-2. 

The cross section of the magnetic recording medium of each of the Test 
Examples,in which, when the orientation-determining layer 2 was formed using 

25 the sputtering apparatus 21, the direction of the trajectory 26 of film formation 
particles was controlled such that the projection line 27 of the trajectory 26 
formed on the non-magnetic substrate 1 lied along a radial direction of the 
substrate 1, and the incident angle of the trajectory was 10-75° with respect to 
the substrate 1, was observed using a TEM. The results show that the 

30 orientation-determining layer 2 has a crystal structure in which columnar fine 
crystal grains 2a are inclined at 10-75° in a radial direction of the medium. 
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As is apparent from Tables 1 and 2, in Test example 4 in which magnetic 
anisotropy is imparted to the magnetic layer by means of the 
orientation-determining layer 2 or in Test Example 2 in which the magnetic layer 
has an AFC structure, thermal stability is enhanced as compared with the case of 
Test Example 1 in which the orientation-determining layer is not provided and 
the magnetic layer does not have an AFC structure. In Test Examples 5 through 
8 in which the orientation-determining layer 2 is provided and the magnetic layer 
has an AFC structure, remarkable effects of enhancing thermal stability are 
obtained as compared with the cases of Test Examples 2 and 4. 

The results show that, particularly in Test Examples 5 through 7 in which 
the magnetic layer has a structure including three magnetic films and two 
intermediate films, thermal stability is enhanced. 

The results also show that, in Test Example 5 in which the intermediate 
films 4d and 4e have a thickness of 0.8 nm, thermal stability is more excellent as 
compared with the case of Test Example 6 in which the films have a thickness of 
1.4 nm or the case of Test Example 7 in which the films have a thickness of 0.5 
nm. 

As is apparent from Tables 3 and 4, in Test Examples 9 through 12 in 
which the antiferromagnetic bonding magnetic field (Hbias2) of the second 
magnetic film 14b is larger than the coercive force (Hc2), noise characteristics 
and PW50 are more excellent as compared with the case of Test Example 13 in 
which Hbias2 is smaller than Hc2. 

As is apparent from Tables 5 and 6, in Test Examples 15, 18, and 20 in 
which texturing is carried out, although magnetic anisotropy is enhanced, 
variation in magnetic characteristics in a circumferential direction is large. 

This variation is thought to be attributed to the phenomenon that 
antiferromagnetic bonding between the magnetic films becomes unsatisfactory 
locally, which is caused by non-uniform thickness of the intermediate film due to 
surface irregularities of the MP film (orientation-enhancing layer). 

In addition, the results show that, in Test Examples 14 and 17 in which 
texturing is not carried out, magnetic anisotropy is low, and reproduction output 
and noise characteristics are impaired. 

The results also show that, in Test Examples 16 and 19 in which the 
orientation-determining layer 2 is provided, although texturing is not carried out, 



magnetic anisotropy is enhanced, excellent reproduction output and noise 
characteristics are obtained, and variation in magnetic characteristics in a 
circumferential direction is prevented. 

As is apparent from Tables 7-1 and 7-2, in Test Examples 22 through 27, 
when the number of laminated structures is larger, thermal stability is more 
enhanced. 

The results also show that, in Test Examples 28 through 36, even when the 
intermediate film is formed from, instead of Ru, Cr, Ir, Rh, Mo, Cu, Re, or V, the 
effect of enhancing thermal stability is obtained. 

As is apparent from Tables 8-1 and 8-2, in Test Examples 37 through 43, 
even when the orientation-determining layer 2 is formed from a Cr alloy (e.g., 
CrTi or CrMo), the effect of enhancing thermal stability is obtained. 

The results show that, in Test Examples 44 through 51, even when the 
orientation-determining layer 2 is formed from a single element such as V, the 
effect of enhancing thermal stability is obtained. 

The results also show that, in Test Examples 52 through 57, even when the 
orientation-determining layer 2 is formed from an Nb alloy such as BeNb or a Ta 
alloy such as VTa, the effect of enhancing thermal stability is obtained. 

The results further show that, when the orientation-determining layer 2 is 
subjected to oxidation or nitridation, magnetic characteristics such as thermal 
stability are enhanced. 

The results also show that, when the orientation-enhancing layer 17 is 
provided, magnetic anisotropy is enhanced, and thermal stability is enhanced. 

As described above, in the magnetic recording medium of the present 
invention, since an orientation-determining layer has a crystal structure in which 
columnar fine crystal grains are inclined in a radial direction, the crystal 
orientation of a non-magnetic undercoat layer and a magnetic layer can be 
improved, and the magnetic anisotropy of the magnetic layer in a circumferential 
direction can be enhanced. 

Therefore, the crystal magnetic anisotropy constant (Ku) can be enhanced, 
resulting in improvement of thermal stability. 

Furthermore, since the magnetic layer includes a plurality of magnetic 
films, and has a structure such that antiferromagnetic bonding is formed 
between the magnetic films, the magnetic films other than a primary magnetic 
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film of largest coercive force assume an apparent non-magnetized state due to 
antiferromagnetic bonding between the magnetic films; or the primary magnetic 
film assumes a state in which apparent magnetization of the primary magnetic 
film is reduced in an amount corresponding to the magnetization of the magnetic 
5 films other than the primary magnetic film. 

Therefore, the volume of magnetic grains can be increased sufficiently 
without adversely affecting noise characteristics and resolution, thermal 
stabilization can be attained, and thermal stability can further be enhanced. 

In general, the strength of antiferromagnetic bonding between two 
10 magnetic films is greatly affected by the thickness of an intermediate film 
provided between the magnetic films. Therefore, when a film formed below a 
magnetic layer has large surface irregularities, the thickness of the intermediate 
film becomes non-uniform, the strength of antiferromagnetic bonding is lowered 
locally, and thus thermal stability tends to become unsatisfactory. 
^15 In contrast, in the magnetic recording medium of the present invention, 

M, since the orientation-determining layer has a crystal structure in which columnar 

r; fine crystal grains are inclined in a radial direction, the magnetic anisotropy of 

yj 

s the magnetic layer in a circumferential direction can be enhanced. Therefore, 

jy texturing is not required during production of the medium, resulting in high 
rJ 20 surface smoothness of the orientation-determining layer. 

Consequently, non-uniformity in the thickness of the intermediate film, 
which is caused by surface irregularities of the orientation-determining layer, can 
be prevented, the strength of antiferromagnetic bonding can be enhanced, and 
satisfactory effects of enhancing thermal stability can be obtained. 
25 While the invention has been described in detail and with reference to 

specific embodiments thereof, it will be apparent to one skilled in the art that 
various changes and modifications can be made therein without departing from 
the spirit and scope thereof. 
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